A complete model for the heavily doped and/or highly excited Si:P dielectric function is presented in the limit of the free-carrier gas approach. New interesting features of Si:P dielectric functions are presented and discussed. The influence of dopants and free-carriers is taken into account independently and their common features usually assumed in the literature, are analysed.
Introduction
Specific optoelectronic properties of heavily doped and/or highly excited semiconductors, which differ in various ways from perfectly known non-degenerated materials, lead to new, often unpredicted, applications [1, 2] . The properties of such materials are exploited in last generation of electronic circuits, and will be increasingly so in future all-silicon optical and photonic applications.
Despite extensive studies over the past twenty years, there are still several non-elucidated questions.
Results of a systematic investigation of differences among ellipsometric measured pseudodielectric functions are present in the literature [3] .
We focus in particular on the heaviest doped Si:P (strongly degenerate), and the moderately Pdoped and highly excited Si (containing a dense free-carrier gas) looking for general trends of the system features over a wide range of free-carrier densities in the limit of the free-carrier gas approach. New fabrication techniques allow extremely heavy Si:P doping, exceeding N d = 2.3*10 21 cm -3 , which exceeds the solid state P solubility in Si at T=300K. Information about the dielectric functions of such materials is necessary for fabrication and property control of new materials [4, 5] .
Analytical representation is not only more convenient than tabular data, but it also allows prediction of material property changes [6, 7, 8] . The general behavior of the dielectric function under small variation of doping level was studied in [9] , but there is no consistent model that describes the evolution of the dielectric function over a wide range of free-carrier density, from intrinsic to heavily doped Si. In our investigations we use experimental data for undoped Si [10] and for heavily doped Si:P [11] , chosen between numerous previously published papers.
The commonly recognized explanation for the considerable modification of optical functions in heavily doped Si systems based on the free-carrier population originated from doping atoms. By analogy, either variation from doping or from generated/injected carriers is treated in the same way.
A dynamic investigation of the dielectric function as a function of high density of light-generated free-carriers in undoped Si [12] shows a clear difference of properties induced by the same freecarrier population from doping and from light-excitation. Femtosecond excitation induces/injects free-carriers within the non-transformed Si matrix.
Our analysis shows that the changes of dielectric function caused by the light-generated/injected carriers and by the doping are different over the entire spectrum investigated.
Details of dielectric function nonlinearities versus density and origin of additional free-carriers
are still open problems.
Theory and Computational Methodology

Harmonic oscillator approximation and Drude model
We present a way of predicting dielectric functions of heavily doped silicon (Si:P) under high excitation that leads to an additional/extrinsic population (e.g. from light excitation). The classical oscillator approach provides a good description of the dielectric function of the studied material only near the critical point. A simulation based on the well known Harmonic Oscillator Approximation (HMO) is presented in [13] . The model contains a specific extension allowing Drude free-carrier densities. Theoretically, all dielectric functions must have a generic representation of the type:
where C 0 is the amplitude of the Lorenz oscillator, ω g its critical frequency and Γ is a broadening coefficient. The influence of Drude carrier density on the dielectric function studied in [4] can be described as follows:
where N is the carrier density, τ D is the Drude damping time, m opt is the optical mass of the carriers.
The rest of the parameters have their usual meaning.
The developed formula includes combination of the HMO and Drude responses on the dielectric function resulting in the following system of equations:
where μ is the pole order and β is the phase factor of the pole. In the energy range considered we found the use of three oscillators to be sufficient.
Parameter evolution induced by doping
The experimental results of Jellison [11, and private communication] for heavily doped Si:P were used to determine our set of model parameters as a function of P-doping level. The general tendency of parameter set (or dielectric function) changes have been predicted using data from [13, 14] and well known effects of doping. In this way, the tendency for oscillator amplitude C 0 under increasing doping density was found to decrease, due to additional defects and lattice disturbance caused by doping atoms. The broadening parameter Γ was found to increase with increased doping for the same reasons while the critical point energy E g (or frequency ω g ) was found
to shift slightly towards lower energies due to band structure renormalization caused by additional free-carrier population from doping and state and band filling. Variations of C 0 , Γ and the critical point frequency E g are shown in Fig. 1 . The evolution of pole order μ and pole phase factor β cannot be pre-determined, except the information that this was essential for parameter μ (which has to respect the inequality μ<1 to conserve Kramers-Kronig relations. The analysis shows that the tendency for the μ parameter is, in the general case, similar to that of the corresponding broadening coefficient Γ * (−1), as can be seen in Fig.2 . A slightly different behaviour than predicted is shown by parameters corresponding to the oscillator with critical frequency E g around 3.62eV. This might be due to a different character of this transition compared the ones at E g = 3.38 and 4.29eV. Parameters used by our three oscillator model for five different doping densities are presented in Table 1 . 
Results
Heavily P-doped silicon
The constructed model reproduces experimental results for doped Si with good accuracy in the energy range E = 2.5 -5.0eV but for E = 1.2 -2.5eV the imaginary part of the function ε is not described with the same relative accuracy. This is due to the fact that very small values of ε lead to too slight differences between experimental and simulated data for absorption coefficient α. The residual plot and the quality of the fit are presented in Fig. 3 . The absolute value of ε around the two main critical energies (direct transitions in Si) E=3.38eV
and E=4.29eV decrease with the doping concentration. The decrease is probably caused by the lattice disturbance and resulting defects. The peaks seem to be broadened and flattened. For the highest P concentration, a clear distinction between critical energy point and the surrounding area is no longer possible. The slight shift of the curve for low excitation energies is associated with an increased free-carrier concentration from doping.
Highly excited silicon
Another feature of the model is its ability to determine changes in a dielectric function from only a change of free-carrier population, without any Si lattice disturbance (due to the absence of doping atoms). Our analysis shows that the free-carrier influence concerns predominantly the lower energy range. As can be seen in Fig. 4 , even a very dense e-h gas has little influence on the dielectric function near the main transition peak at E=3.4eV and above. The insert shows the evolution of the The insert shows changes due to increasing damping time τ and the 3D-plot shows Im(e) versus free-carrier density N and photon energy E.
Conclusions
The main objective of the work, which was to determine Si dielectric functions over the complete technical P-doping range from undoped (intrinsic) Si up to N d = 2.3x10 21 cm -3 , has been successfully completed with an excellent precision in the frame of free-carrier gas approach. The
Drude-Lorenz parameters describing the evolution of the optical functions for the corresponding range of additional free carriers in moderately doped Si and for a particularly dense free-electron gas have been determined. We also extracted parameters varying with the Drude-Lorenz-model parameters as functions of doping density. Their consistency with physical predictions and previous works [1] [2] [3] [4] has been demonstrated.
The simulated optical functions (reflectivity, absorption coefficient) have been compared with experimental results published previously by others [15] [16] and obtained by us on MINDs with extremely high free-carrier densities, steady-state reflectivity and absorption [17] [18] [19] [20] . A distinction in optical response resulting from the two origins of extrinsic free-carrier populations originating from excitation/injection and from doping clearly appears.
